Mitochondrial uptake of calcium in excitotoxicity is associated with subsequent increase in reactive oxygen species (ROS) generation and delayed cellular calcium deregulation in ischemic and neurodegenerative insults. The mechanisms linking mitochondrial calcium uptake and ROS production remain unknown but activation of the mitochondrial permeability transition (mPT) may be one such mechanism. In the present study, calcium increased ROS generation in isolated rodent brain and human liver mitochondria undergoing mPT despite an associated loss of membrane potential, NADH and respiration. Unspecific permeabilization of the inner mitochondrial membrane by alamethicin likewise increased ROS independently of calcium, and the ROS increase was further potentiated if NAD(H) was added to the system. Importantly, calcium per se did not induce a ROS increase unless mPT was triggered. Twenty-one cyclosporin A analogs were evaluated for inhibition of calcium-induced ROS and their efficacy clearly paralleled their potency of inhibiting mPT-mediated mitochondrial swelling. We conclude that while intact respiring mitochondria possess powerful antioxidant capability, mPT induces a dysregulated oxidative state with loss of GSH-and NADPH-dependent ROS detoxification. We propose that mPT is a significant cause of pathological ROS generation in excitotoxic cell death.
INTRODUCTION
An excessive or sustained increase of reactive oxygen species (ROS) has been implicated in the pathogenesis of diseases as diverse as cancer, diabetes mellitus and atherosclerosis as well as in the mechanisms of senescence [1] . Mitochondrial generation of ROS participates in cell death cascades of both acute brain injuries and chronic neurodegenerative disease [2, 3] . Reactive oxygen species may play a physiological role in intracellular signaling, and function as second messengers in e.g. ischemic preconditioning [1, 4, 5] , but are potentially harmful as they are capable of oxidative modifications of proteins, nucleic acids, polysaccharides and lipid membranes [6] . Excitotoxicity is a pathological feature of both acute and chronic neurodegenerative conditions [7] [8] [9] . Increased ROS production from mitochondria has been demonstrated following NMDA receptor stimulation in models of excitotoxicity and has also been coupled to mitochondrial loading of calcium [10] [11] [12] [13] [14] [15] . However, the mechanism linking mitochondrial calcium loading and ROS production is currently unresolved [15] [16] [17] , and studies in isolated brain mitochondria have yielded diverging results regarding the effect of calcium on mitochondrial ROS generation [18] [19] [20] [21] [22] . Mitochondria are able to buffer cellular calcium transients and have high capacity for calcium retention under normal physiological conditions [23] . The calcium retention capacity of mitochondria is however greatly diminished by a reduction in energy metabolites, an oxidative state or a decreased mitochondrial proton gradient, and calcium overload may under such conditions trigger the so-called mitochondrial permeability transition (mPT) [24, 25] . The overt increase in permeability of the inner mitochondrial membrane caused by mPT activation results in an immediate loss of protonmotive force and an osmotic expansion of the matrix compartment with rupture of the outer membrane. This process is one proposed mechanism for mitochondrial release of proapoptotic proteins such as cytochrome c (Cyt c) to the cytosol.
In the present study, we investigate calciuminduced ROS production in isolated non-synaptosomal brain mitochondria in relation to mPT, redox state, loss of Cyt c, respiratory function and scavenging of H 2 O 2 . Further, we study the substrate dependency and regulation of ROS generation in permeabilized mitochondria. Cyclosporin A (CsA) and 21 of its natural and semisynthetic analogs are employed to correlate mPT inhibition with ROS generation from calciumexposed mitochondria. To confirm the generability of our findings we evaluate calcium-induced ROS release in isolated mitochondria from freshly resected human liver samples.
EXPERIMENTAL PROCEDURES Materials and tissues
Animal procedures were approved by the Malmö/Lund Ethical Committee for Animal Research (M221-03, M44-07). Adult male Wistar rats, 300-500 g, were allowed ad libitum access to water and food prior to use. Human liver tissue was obtained from 4 male patients, 56-65 years old, undergoing liver resection due to colorectal cancer metastases. The human study was approved by the Ethical Committee of Hachioji Medical Center, Tokyo Medical University, permit number 12- 
Isolation of brain and liver mitochondria
Isolation of free, i.e. non-synaptosomal, rat and mouse brain mitochondria was achieved according to method B by Sims [26] as described previously [27] . Animals were decapitated and the brains were rapidly transferred into ice-cold isolation buffer (IB, 320 mM Sucrose, 2 mM EGTA, 10 mM Trizma base, pH 7.4). Cortical tissue (10 -15% w/v) was homogenized in 12% Percoll solution in IB, using a 2 ml Kontes Teflon Homogenizer, size 19 (Vineland, NJ, USA). The suspension was layered on a discontinuous Percoll gradient and after centrifugation at 30700 g for 7 min, the resulting layer at the 26 and 40% Percoll interface was collected and washed twice in IB in successive centrifugations without further additions. Liver mitochondria from rat, mouse and human resected material were isolated using differential centrifugation as described previously [27] . All tissues were prepared immediately following resection. For human liver tissue, only the normal parenchyma between metastases was collected. Briefly, liver tissue was homogenized in IB (10% w/v). The homogenate was exposed to an initial low-speed centrifugation (300 g for 10 min) and the resultant supernatant was centrifuged at 7800 g for 5 min. The pellet was resuspended in 19% Percoll, centrifuged at 11300 g for 10 min, resuspended again in IB followed by a last centrifugation at 7800 g for 5 min. All isolation procedures were carried out under ice-cold conditions and the mitochondria were used within 5h from animal decapitation or within 8h following resection of the human liver tissue. Mitochondrial protein content was determined by the Bradford Assay.
Mitochondrial light scattering and swelling
A Perkin-Elmer Luminescence Spectrometer LS-50B (Emeryville, CA, USA) with a well plate reader or a temperature controlled cuvette holder was used for all fluorescence and light scattering measurements. Rat brain mitochondria or human liver mitochondria corresponding to 0.2 mg protein were suspended in 2 ml of KCl-based (125 mM KCl, 20 mM Trizma base, 2 mM Pi(K), 1 mM MgCl 2 , 1 µM EGTA, pH 7.2) or sucrosebased (250 mM sucrose, 20 mM MOPS, 10 mM Trizma base, 2 mM Pi(K), 1 mM MgCl 2 , 1 µM EGTA, pH 7.2) buffer at 37°C. Approximately 20 µl IB was carried over with mitochondria to the experimental buffers. Mitochondrial permeability transition (mPT) was monitored by following the decrease in 90° light scattering at 520 nm reflecting mitochondrial swelling. The populational extent of swelling was calculated as calcium-induced decrease in light scattering compared to that by the ionophore alamethicin (10 µg/ml) as described previously [27] . Experiments evaluating mPT inhibition by CsA and 21 natural or semi-synthetic cyclosporin analogs were performed under de-energized conditions as described earlier [27, 28] . Mitochondria were incubated in the presence of 10 nM to 5 µM of CsA-analogs or vehicle and the extent of light scattering decrease was compared to that by alamethicin after 5 min of Ca 2+ exposure. The concentrations of Ca 2+ for the different mitochondria were chosen so that swelling in controls with vehicle was around 80% of the alamethicin-induced swelling whereas 1 µM CsA resulted in nearly full inhibition of swelling (50 µM for mouse brain, 100 µM for rat brain and 200 µM for rat liver mitochondria). This enabled evaluation of a wide range of mPT inhibition by the cyclosporin analogs. Analogs 1-15 (identity given in Table 1 ) were evaluated in both mouse brain and mouse liver mitochondria, analogs [16] [17] [18] [19] in mouse liver mitochondria only and NIM811 and UNIL025 (renamed DEBIO-025) were evaluated previously in rat brain mitochondria [28] . To enable inter-experimental comparisons of all analogs their relative inhibition of calcium-induced mPT was compared to that of CsA, all at 1 µM.
Mitochondrial production of reactive oxygen species
Mitochondrial H 2 O 2 production was detected by following the oxidation of 1 µM Amplex Red (N-acetyl-3,7-dihydroxyphenoxazine) to the fluorescent product resorufin in presence of horseradish peroxidase (HRP, 0.5 U/ml) and superoxide dismutase (SOD, 20 U/ml), the latter present to ensure that all superoxide, the primary ROS generated in mitochondria, was converted to H 2 O 2 . Excitation and emission wavelengths were set to 560 nm and 590 nm, respectively. Known amounts of H 2 O 2 were added to establish a calibration curve (in the presence of mitochondria without substrates). Amplex Red provided, in our hands, the greatest sensitivity of available H 2 O 2 probes and yielded more reliable results than e.g. DCF-DA, but had however itself some pitfalls. Several compounds induced mitochondria-independent oxidation of the probe. NADH induced oxidation at concentrations ≥10 µM, which has also been previously noted by Votyakova et al. [29] . Concentrations up to 1.5 µM NADH were used in the Amplex Red assay and this had no detectable effect by itself in mitochondria-free buffer. Glutathione (GSH) and tert-butyl hydroperoxide could not be used in the ROS assays for the same reason. Notably, respiratory inhibitors had to be frozen in dimethyl sulfoxide (DMSO) and diluted to working stock solutions in ethanol daily to avoid unspecific oxidation of Amplex Red in the experiments. Rotenone and CDNB (1-chloro-2,4 dinitrobenzene, used to deplete mitochondrial GSH) were particularly prone to induce these artifacts.
NAD(P)H, membrane potential and mitochondrial calcium retention
The redox status of NAD(P)H was determined qualitatively by following its autofluorescence (ex. 340 nm, em. 460 nm). Experiments with antimycin A could not be performed in this assay as it interfered with the NAD(P)H autofluorescence. Rhodamine 123 (100 nM) was used to assess mitochondrial membrane potential, with excitation and emission set to 490 nm and 528 nm, respectively. Mitochondrial calcium uptake and release was monitored by the excitation ratio (ex. 340/380 nm, em. 509 nm) of the extramitochondrial calcium-sensitive fluorescent probe Fura 6F (250 nM). The mitochondrial suspensions were infused with 200 nmol CaCl 2 /mg/min (10 µM/min).
96-well plate assay for H 2 O 2 production
The cyclosporin analogs were tested in a 96-well plate assay for inhibitory properties of calciuminduced H 2 O 2 production. Experimental conditions were as described above for cuvette experiments except that they were run at room temperature and rat liver mitochondria were employed in this assay due to a considerably higher yield than brain mitochondria and could be used at 0.5 mg/ml. Following calcium exposure (0.5 µmol/mg mitochondrial protein), resorufin fluorescence was measured every 5 min. Experiments included a vehicle control and a control of basal H 2 O 2 production without calcium present.
Mitochondrial respiration
Mitochondrial oxygen consumption was measured in air-tight chambers using Clark-type oxygen electrodes. A first set of experiments were performed in equipment from Hansatech, Norfolk, UK, with 0.1 mg mitochondria in 0.4 ml KCl buffer (see buffer composition above) at 30°C. In order to evaluate respiratory changes following mPT in more detail, a second set of experiments were performed in a highresolution respirometer, Oroboros Oxygraph-2k, with high sensitivity, low noise and concentration-dependent background correction (Oroboros Instruments, Innsbruck, Austria). These experiments were run at 37°C with 0.1 mg mitochondria in 2 ml KCl buffer and the O 2 flux was monitored in real-time output using DatLab 4 software. For the multiple substrate/inhibitor protocol evaluating activity of respiratory complexes with or without presence of 800 µM Ca 2+ (Fig. 5D ) 10 µM Cyt c and 1 mg/ml BSA (Sigma A8806) were present in the buffer and mitochondria were permeabilized with 25 µg/ml alamethicin.
Measurement of cytochrome c (Cyt c) release and GSH content
An ELISA kit for detection of rodent Cyt c (Quantikine® M, R&D Systems, Abingdon, UK) was employed to measure Cyt c release. Mitochondrial samples were collected after experiments measuring light scattering and H 2 O 2 production. Directly at the end of experiments, 1 mM EGTA was added to prevent further Ca 2+ insult. The samples were supplemented with a protease inhibitor cocktail (Sigma P-2714), rapidly chilled on ice and centrifuged at 7000 g for 10 min. After a second centrifugation of the supernatant at 436000 g for 60 min the supernatants and pooled pellets were tested for Cyt c content. Total GSH content was determined using a Glutathione Colorimetric Detection Kit (ApoGSH TM , BioVision, Mountain View, CA, USA), generating 2-Nitro-5-thiobenzoic acid from DTNB (5,5′-Dithiobis(2-nitrobenzoic acid)) and GSH. GSH content was determined by measuring absorbance at 415 nm.
Electron microscopy
Mitochondrial samples were prepared following incubation in buffers or following exposure to 1.4, 8.0 µmol Ca 2+ /mg mitochondria or 10 µg/ml alamethicin. The suspension was rapidly chilled and centrifuged in an Eppendorf microcentrifuge, 12000 g, for 2 min. Samples were fixed in a solution containing 0.1 M Sörensen buffer, 1.5% Paraformaldehyde and 1.5% Glutaraldehyde over night, and further processed as described previously [30] .
Statistical analysis
Data is presented as mean ± SD and traces are representative for at least 3-4 separate experiments and analyzed using one-way ANOVA and the Bonferroni post hoc correction for multiple comparisons unless otherwise indicated. The level of statistical significance was set to 5%.
RESULTS

Analysis of H 2 O 2 generation following calcium-induced mPT and unspecific permeabilization of the inner mitochondrial membrane
In respiring brain mitochondria the application of calcium will trigger a rapid permeability change of the inner membrane (mPT). The extent of swelling (commonly employed as an indirect measure of the change in permeability) in a defined population of mitochondria is dependent on the calcium dose and regulatory factors present within the mitochondria and the surrounding medium. Here calcium chloride was given as bolus administration in a dose resulting in near maximal swelling (i.e. near the light scattering decrease induced by the unspecific ionophore alamethicin) (Fig.  1B) , and which could be fully prevented by the presence of the mPT inhibitor CsA in combination with ADP (and oligomycin) (Fig. 1B ). The basal release of H 2 O 2 from cortical brain and liver mitochondria oxidizing malate and glutamate was readily detected using the Amplex Red assay (exemplified for brain mitochondria in Fig.  1A ) and the induction of mPT with 3.0 µmol Ca 2+ /mg mitochondria caused an increase in the rate of H 2 O 2 detection. Preventing mPT with a combination of CsA and ADP resulted in a decreased rate of H 2 O 2 release following calcium addition (Fig. 1A, B) . To validate our findings in rodent brain and liver mitochondria we exposed freshly isolated human liver mitochondria to a calcium insult (2.0-3.0 µmol Ca 2+ /mg mitochondria) with and without CsA. Similar to the response of rodent mitochondria, inhibition of mPT prevented the calciuminduced increase in H 2 O 2 production in human mitochondria (Fig. 1C) .
The H 2 O 2 detection was under all conditions highly sensitive to catalase (4000 U/ml, data not shown). The basal generation of H 2 O 2 without calcium addition was not influenced by cyclosporins (Cyclosporin H, CsA and DEBIO-025 were tested) in rodent liver or brain mitochondria (data not shown).
Next, to evaluate the effect of calcium per se, and allow detailed study of the regulation of H 2 O 2 generation in permeabilized brain mitochondria, alamethicin was utilized to permeabilize the inner mitochondrial membrane. In addition, both a lower and a higher dose calcium were used to induce mPT. The two doses of calcium selected, 1.4 and 8.0 µmol Ca 2+ /mg, induced an extensive and similar swelling response both in detected light scattering changes (not shown) and in gross morphological appearance (Fig. 2D) . Similarly, the extent of membrane potential decrease did not significantly differ between groups (not shown) and the detected level of GSH in brain mitochondria oxidizing malate and glutamate was extensively and similarly decreased following both calcium and alamethicin exposure to a near zero level (below the detection limit of the assay which was 1 ng total glutathione/well). The rate of H 2 O 2 production in energized mitochondria (oxidizing malate and glutamate) increased the most by the higher dose of calcium (8.0 µmol/mg mitochondria) with a significant difference compared to the lower dose (1.4 µmol/mg mitochondria) ( Fig. 2A, B ). Unspecific permeabilization with alamethicin (in the absence of added calcium) also induced a similar increase in H 2 O 2 production ( Fig. 2A, B To investigate the possible correlation between resulting ROS production and the loss of Cyt c following mitochondrial swelling, supernatants and pellets were collected and analyzed for Cyt c content following swelling induced by calcium and alamethicin in both KCl and sucrose-based buffers (Fig. 2C) . The extent of Cyt c release did not correlate with the resulting rate of H 2 O 2 production, with e.g. a very prominent (>25% of total Cyt c) release in the alamethicin group compared to the high calcium dose (<5% of total Cyt c) in the KCl buffer, not translating into a higher ROS production ( Fig.  2A, C) .
The effect of different respiratory substrates and inhibitors on the rate of H 2 O 2 generation in permeabilized brain mitochondria
To study the effect of available electron donors on H 2 O 2 production in permeabilized brain mitochondria, mitochondria were incubated in KCl buffer in the absence of respiratory substrates. Mitochondria were permeabilized with alamethicin and not calcium, as the latter is dependent on mitochondrial membrane potential for its uptake, which could translate into differences in permeabilization of the inner membrane. Both complex I-and II-linked substrates, as well as NADH, induced H 2 O 2 generation under these conditions (Fig. 3, upper  panel) . In addition, the rate of H 2 O 2 generation using complex I-linked substrates was enhanced when NADH or NAD + had previously been added. The oxidation of added NADH to mitochondria without other substrates was rapid and the increased rate of H 2 O 2 production was maintained until NADH was fully oxidized (Fig. 3 . compare trace 2 in upper panel with NAD(P)H fluorescence in the lower panel). The addition of malate and glutamate resulted in a more reduced state of NAD(P)H. Importantly, the same dose NADH given to intact mitochondria or buffer without mitochondria did not trigger any increase in resorufin fluorescence (not shown).
The production of ROS is expected to increase with certain inhibitors of the respiratory chain complexes. In brain mitochondria oxidizing malate and glutamate the addition of the inhibitors rotenone (complex I) or antimycin A (complex III) caused large increases in the rate of H 2 O 2 release in intact mitochondria. The increased ROS detection was further exacerbated by alamethicin permeabilization (Fig. 4) . Permeabilization caused an immediate drop in NAD(P)H fluorescence both with and without rotenone present, but the oxidation of subsequently added NADH was inhibited by rotenone (Fig. 4, lower panel) .
The addition of NADH to permeabilized mitochondria with respiratory inhibitors present induced both a larger relative and absolute increased rate of H 2 O 2 generation than the effect without respiratory inhibition (Fig. 4, only shown for rotenone) . Further, the rate of H 2 O 2 production following addition of antimycin A to permeabilized mitochondria oxidizing malate and glutamate was doubled with a slightly increased NAD(H) pool (continuation of experiments in Fig. 3 , not shown).
Changes in mitochondrial oxygen consumption induced by mPT, calcium and unspecific permeabilization
Bovine serum albumin was generally omitted during isolation and experiments to avoid possible scavenging of ROS-related products and interference with the ROS detection assays. The respiratory control ratio (RCR) determined for cortical brain mitochondria oxidizing malate and glutamate under such conditions in ordinary low-resolution polarographic equipment (Clarktype electrodes) at 30°C was 4.24 ± 0.60. With BSA present during the isolation procedure, RCR was increased to 6.83 ± 0.24 and with BSA present also in the respiration buffer (0.7 mg/ml) RCR increased to 12.2 ± 2.62. This substantial effect of BSA was mainly due to lowered resting respiratory rates with subsequent effects on the calculated RCR. In all cases the RCR was calculated with a state 4 without oligomycin present. The addition of calcium initially stimulated respiration, likely related to the loss of membrane potential during calcium uptake. This was followed by a substantial decline of oxygen consumption (Fig. 5A ). Permeabilization with alamethicin immediately decreased the respiratory rate without initial stimulation. After the addition of either calcium or alamethicin, the mitochondria were fully uncoupled with no response to ADP application (Fig.  5A) .
Using high-resolution respirometry we compared the influence of the selected calcium dosage (1.4 and 8.0 µmol Ca 2+ /mg mitochondria) and alamethicin on the oxygen consumption rates of brain mitochondria oxidizing malate and glutamate at 37 °C (Fig. 5B) . Following the initial stimulation of respiration by calcium, there was a more rapid and pronounced inhibition by the higher calcium dose as compared to the lower. Alamethicin induced a further more extensive respiratory inhibition (p<0.05 for all comparisons between the groups, Fig. 5C ). Comparing the rates of respiration to rates of H 2 O 2 detection, 0.15% of O 2 was converted to H 2 O 2 under resting state 2 respiration. Following permeabilization, a significantly larger part of consumed O 2 was converted to H 2 O 2 for both the lower and higher dose calcium as well as for alamethicin (0.54%, 2.1% and 2.5%, respectively, Fig. 5C ).
A multiple substrate/inhibitor protocol was performed in mitochondria permeabilized by alamethicin in presence of 800 µM Ca 2+ or vehicle in order to evaluate whether the respiration difference between the calcium doses was due to slightly different degrees of mPT induction or due to direct effects of calcium on the respiratory complexes (Fig. 5D) . In permeabilized brain mitochondria without exogenously added substrates oxygen consumption was infinitesimal. However, administration of the usually impermeable NADH (200 µM) to permeabilized mitochondria resulted in a very fast oxidation to NAD + and a high rate of oxygen consumption (Fig. 5D) . In contrast, NADH displayed no significant effect on respiration in intact mitochondria (not shown). Addition of 5 mM malate and glutamate to permeabilized mitochondria in presence of the supplemented NAD(H) resulted in several orders of magnitude higher respiration rate than the rate with only 5 mM malate and glutamate and also several-fold higher rate than state 2 in intact mitochondria (compare rates in Fig. 5B and D) . Following inhibition of complex I by rotenone, mitochondria were supplemented with succinate (5 mM), and following inhibition of complex III by antimycin A, ascorbate and TMPD were supplied as substrates for cytochrome c oxidase. Calcium in itself exerted no significant effect on any of the respiratory rates in already permeabilized mitochondria.
Analysis of net H 2 O 2 generation/scavenging in intact mitochondria versus mitochondria exposed to bolus dose or continuous infusion of calcium
In order to evaluate changes in mitochondrial H 2 O 2 scavenging capacity, accumulation of H 2 O 2 in mitochondrial suspensions were determined in experiments where the ROS detection reagents were not present from start, as the assay has a higher affinity for H 2 O 2 than the endogenous mitochondrial scavenging pathways. The balance between mitochondrial generation and detoxification of H 2 O 2 will therefore not be accurately reflected by the assay. Mitochondria exposed to a calcium bolus load followed by antimycin A demonstrated an accumulation of H 2 O 2 in the suspending buffer, which was readily detected by a delayed administration of the H 2 O 2 reagents (Fig. 6A ). HRP and Amplex Red added 7 min after calcium or at start of experiments resulted in closely paralleled fluorescence levels (Fig. 6A, trace 1 and 3) indicating that under these conditions, there was no significant mitochondrial scavenging of H 2 O 2 . In contrast, when mitochondria which had not undergone calcium-induced mPT were exposed to antimycin A, there was no evident accumulation of H 2 O 2 . Delayed administration of HRP and Amplex Red in these structurally intact mitochondria resulted in a similar rate of H 2 O 2 generation as when the reagents were present from start, but importantly, the fluorescence signal started at a near zero level (Fig. 6A,  trace 1 and 4) . This demonstrates that all generated H 2 O 2 was detoxified by mitochondria in the absence of the ROS assay reagents. In an additional experiment, mitochondria were exposed to a slow continuous infusion of calcium rather than a sudden bolus load, and extramitochondrial [Ca 2+ ] was monitored (Fig. 6B) . The infused calcium was taken up by mitochondria incubated with 200 µM ADP to a certain amount when the retained calcium was suddenly released (trace 5). In mitochondria incubated with 1 mM ADP and 1 µM CsA, all the infused calcium was retained (trace 6). Experiments were continued with administration of antimycin A and after 6 min HRP and Amplex Red. Mitochondria which had undergone a calcium deregulation (mPT) demonstrated a net accumulation of H 2 O 2 in the surrounding buffer wheras mitochondria which had retained all calcium did not.
Correlation of mPT inhibitory properties with inhibition of calcium-induced H 2 O 2 generation in a library of cyclosporin analogs
Using a 96-well plate system and the Amplex Red assay we investigated calcium-induced H 2 O 2 release in the presence of CsA and 21 of its natural and semisynthetic analogs. Initially, the ability to inhibit calcium-induced mPT was determined in the deenergized assay and here we found a strong correlation (R 2 = 0.90, p<0.0001) between mPT inhibition in mouse cortical brain and mouse liver mitochondria (not shown). In the 96-well plate screening study the ability of the analogs to prevent calcium-induced H 2 O 2 generation in liver mitochondria correlated (R 2 = 0.83, p<0.0001) to the ability to inhibit calcium-induced mPT (Fig. 7B , the identity of the different analogs is provided in Table 1 ). To illustrate this point, H 2 O 2 detection following calcium application is depicted for two cyclosporin analogs, cyclosporin C (a potent mPT inhibitor) and cyclosporin H (a poor mPT inhibitor) together with vehicle (ethanol) and a control run without added calcium (Fig. 7A ).
DISCUSSION
The main and novel findings of the present study are firstly that brain-derived mitochondria as well as human liver mitochondria display a sustained and even increased production of ROS following calciuminduced mPT, as detected by Amplex Red, even though their respiration is severely inhibited and membrane potential as well as NADH are lost, conditions normally associated with pronounced reduction in ROS generation [31, 32] . Secondly, as a plausible explanation to this apparent contradiction, we demonstrate that the ability of brain mitochondria to detoxify H 2 O 2 was virtually eliminated following mPT and that this loss of antioxidant function translated into a considerable net release and extramitochondrial accumulation of H 2 O 2 . Importantly, the triggered H 2 O 2 release was related to these bioenergetic consequences of mPT on the antioxidant function and not by calcium effects per se. The degree of ROS generation was dependent on the availability of respiratory substrates and even a low concentration of supplemented NAD(H) considerably increased ROS production in permeabilized mitochondria. Finally, the calcium-induced ROS generation in brain and liver mitochondria was inhibited by cyclosporin A and 21 cyclosporin analogs in a manner strongly correlating to their potency of inhibiting calcium-induced mitochondrial swelling (mPT).
Some of the parameters that are highly associated with pronounced ROS production in intact (brain) mitochondria, most notably a high membrane potential and NADH in its reduced form [33] , are dramatically diminished in mitochondria that have undergone mPT. In combination with an mPT-induced loss of respiratory substrates to the extramitochondrial space, these physiological alterations would be expected to decrease ROS production. The net increase in ROS as demonstrated in the present work could plausibly be related to several other factors influencing ROS generation. First, the release of Cyt c that may follow an mPT due to swelling of mitochondria with disruption of the outer membrane can increase ROS by causing a reduced shift of the ETC and by loss of its superoxide scavenging function [6, 34] . However, the Cyt c release of brain mitochondria in the present study did not correlate to the extent of ROS increase.
Secondly, calcium displays several actions that at least theoretically could increase ROS generation from mitochondria. Among them are the regulatory role effect of calcium on several dehydrogenases (although primary substrates for these were not used in the present study), activation of nitric oxide synthase, lipid rearrangements and structural alterations of respiratory complexes as well as inhibition of antioxidative pathways [35] [36] [37] [38] [39] . It is important to bear in mind that even though mitochondria can accumulate large amounts of calcium under normal physiological conditions, inactive calcium-phosphates are formed in the alkaline matrix keeping free calcium ions in the low micromolar range [23] . In the present study the stimulatory effect of calcium on ROS generation was tightly coupled to whether it triggers mPT or not. Mitochondria exposed to calcium in presence of sufficient mPT inhibitors demonstrated no increase in H 2 O 2 generation (Fig. 1) and retained the ability to detoxify H 2 O 2 (Fig. 6B) . Differences in the proportion and extent of the mitochondrial population undergoing permeability changes, as detected by highresolution respirometry, likely accounted for the higher magnitude of H 2 O 2 increase by the higher dose calcium in Fig. 2 . Scavengers of nitric oxide did not prevent calcium-induced H 2 O 2 generation, and a high concentration of calcium in permeabilized mitochondria, 800 µM in Fig. 5D compared to the normal low micromolar concentrations in intact mitochondria, did not alter respiratory activities in the multiple substrate/inhibitor protocol performed using highresolution respirometry.
Finally, reduced glutathione and NADPH provide antioxidant defenses against H 2 O 2 mediated damage through the action of e.g. the glutathione peroxidase family, peroxiredoxins and glutaredoxins. The most well studied enzyme glutathione peroxidase (GPx1) oxidizes glutathione to glutathione disulfide and converts H 2 O 2 to water [1] . Glutathione disulfide is reduced via glutathione reductase in an NADPHconsuming process, and hence the redox status of NADP(H) determines the redox status of the glutathione pool. In the mitochondrial matrix, NADPH is held highly reduced by the ∆p-driven energy-linked nicotinamide nucleotide transhydrogenase but can also be generated by malic enzyme and isocitrate dehydrogenase [3] . Upon mPT, the protonmotive force (∆p) and reduced NAD(P)H are lost and consequently also the reducing requirements for glutathione. An increased detection of H 2 O 2 following calcium-induced mPT may therefore not be caused by an increased production of H 2 O 2 per se, rather by an abolished endogenous detoxification.
The present study suggests that the bioenergetic consequence of mPT, leading to loss of antioxidant ROS detoxification, may be the most important factor causing increased ROS following calcium-induced mPT. Mitochondria are commonly referred to as the most significant source of ROS in the cell. Yet, brain mitochondria have been reported to be capable of a high rate of exogenous H 2 O 2 removal, far exceeding the reported production rates [39] and when ROS was measured in supernatants separated from normal intact mitochondria without respiratory inhibitors no accumulated ROS was detected [40] , in accordance with our studies. This calls attention to the question whether mitochondria act as a net sink or a net source of ROS and warrants detailed study of conditions where this balance may shift.
As elegantly demonstrated by Andreyev et al., in an effort to probe the balance of ROS production and removal, net production with extramitochondrial accumulation of ROS requires structurally compromised mitochondria, and further, the net balance can not be appreciated if the ROS-reacting enzymes (in the ROS assay) are competing with the endogenous detoxifying systems during the experiment [41] . We demonstrate that mPT induced by a bolus load or a continuous infusion of calcium (but not mitochondrial calcium accumulation per se in the absence of mPT) induces such compromised mitochondria with a net accumulation of ROS. Thus, whereas intact mitochondria, at least in an isolated state, can serve as a net sink rather than a net source of ROS, mitochondria with disrupted antioxidative pathways subsequent to mPT may truly act as a net source of ROS.
Further, in the present work, the ROS increase following permeabilization of mitochondria was more pronounced if suspensions were supplemented with a low concentration (1.5 µM) of NAD + or NADH, i.e. a concentration well below expected intracellular NAD(H) levels in view of reported total brain tissue NAD(H) concentrations, 250-300 µmol/kg [42] . Very high respiration rates could also be achieved in permeabilized mitochondria by direct addition of NADH or using NADH-linked substrates with an increased NAD + pool demonstrating a retained and substantial electron flow capability through the ETC when regulation of respiration by the protonmotive force is lost. Thus, depending on the availability of respiratory substrates in vivo, the rate of net ROS generation from mitochondria following mPT may be substantially higher compared to the in vitro conditions where the mitochondrial NADH content is extensively diluted. Consequently, ROS as a result of mPT, in a larger or smaller proportion of the mitochondria in a cell, may provide significant contribution to the cell death pathways adding to perturbations caused by mPT-induced restriction of ATP production and release of proapoptotic proteins from mitochondria.
Several studies have coupled excitotoxic neuronal degeneration to mitochondrial calcium loading and ROS production. Delayed calcium deregulation (DCD) of mitochondria in models of glutamate toxicity has been demonstrated to be a committal step towards cell death. A classical view is that calcium-loaded mitochondria generate ROS, which trigger DCD and cell death [10, 11] . However, it is not settled if oxidative stress precedes the DCD and is a causative factor or if it is a consequence of DCD [15, 16] . Assuming that DCD is synonymous with calcium-induced mPT (which is controversial), our results favor the latter interpretation. Single cell analysis of cerebellar granule neurons has demonstrated a significant increase in superoxide only upon induction of DCD, and cell permeable antioxidants were not able to delay DCD [14] . A combination of antioxidants in hippocampal neurons similarly did not prevent mitochondrial depolarization or DCD but despite this conferred significant protection of cell viability [13] . Limiting the ROS-mediated damage by antioxidants is thus one potential pharmacological target and mPTinhibition another, although the pathways may intertwine due to ROS-induced ROS release [43] . Glutamate excitotoxicity is one of several pathogenic processes in neurodegeneration and mPT is likely one mechanism of glutamate-induced cell death. CsA is generally employed to evaluate mPT involvement in cell death pathways. CsA is however not specific for mPT since it also inhibits calcineurin (unlike the non-immunosuppressive analogs tested in the present study) and nonmitochondrial cyclophilins, and CsA has not consistently provided cytoprotection in cellular models of glutamate excitotoxicity [44] . CsA and its non-immunosuppressive analogs have however more robustly mediated neuroprotection in animal models of global and focal cerebral ischemia, traumatic brain injury and amyotrophic lateral sclerosis when means are taken to deliver the drug to the central nervous system [25, 45] . More specific evidence for the involvement of mPT in neurological disorders has more recently been obtained with genetically modified mice lacking cyclophilin D, an important modulator of the mPT and the mitochondrial receptor for CsA. The knock-out mediated resistance to cerebral focal ischemia, experimental multiple sclerosis and as well cardiac ischemia [46] [47] [48] .
We propose, based on the present findings in isolated mitochondria, that mPT is the mechanism linking mitochondrial calcium uptake with pathological ROS generation in excitotoxic cell death and in the burst of ROS production seen in the reperfusion phase of ischemia-reperfusion. Therefore, pharmacological agents aimed at preventing mPT and the resulting oxidative stress can potentially dampen the cellular perturbations and promote neuronal survival under these pathological conditions. release rate and swelling of rat brain mitochondria. Mitochondria were suspended in sucrose-based buffer containing 5 mM malate and glutamate as respiratory substrates and exposed to 3.0 µmol Ca 2+ /mg (300 µM) in presence of 1 µM CsA, 0.5 mM ADP and 1 µg/ml of the ATP synthase inhibitor oligomycin (trace 3) or vehicle (ethanol, trace 1). Controls were run without exposure to calcium (trace 2) but with oligomycin present. The proportion of mitochondria undergoing swelling was calculated by determining the extent of light scattering decrease compared to a standardized maximal decrease induced by the ionophore alamethicin (10 µg/ml) for each run. * and # indicate significant difference compared to control for H 2 O 2 and swelling measurements, respectively. (C) Representative traces of H 2 O 2 release by liver mitochondria isolated from freshly resected human samples were run similarly, except that mitochondria were suspended in KCl-based buffer and CsA was used as the only permeability transition inhibitor. 
Figure 4
H 2 O 2 release and NAD(P)H redox status in respiring brain mitochondria exposed to respiratory inhibitors. Mitochondria were incubated in KCl buffer with 5 mM malate and glutamate. Suspensions were exposed to ~1 µM antimycin (trace 1), 2 µM rotenone (trace 2) or no addition (control, trace 3) and subsequently permeabilized with alamethicin (Ala, 10 µg/ml) where indicated. NADH (1.5 µM) was added to rotenone and control groups at 12 min. NAD(P)H fluorescence is displayed for control and rotenone experiments only as antimycin interfered with assay. Inserted numbers in italic indicate mean rates of H 2 O 2 release (pmol/min/mg mitochondria).
Figure 5
Changes in brain mitochondrial respiration induced by mPT, calcium and alamethicin. Experiments in (A) were performed at 30°C using standard Clark-type electrodes and experiments in (B-D) at 37°C in high-resolution oxygraphs. Traces in (A) illustrate oxygen consumption of mitochondria oxidizing 5 mM malate and glutamate. ADP (100 nmol) was added to induce a transient active phosphorylating rate of respiration. Calcium (8.0 µmol/mg, trace 1) or alamethicin (Ala, 10 µg/ml, trace 2) was added to induce mPT or unspecific permeabilization, respectively. A second administration of ADP was added to test for any remaining coupling of mitochondria. Inserted numbers in italic indicate mean rates of respiration (nmol/min/mg mitochondria). In order to correlate respiratory changes to the H 2 O 2 generation induced by alamethicin and the different doses of calcium in Fig. 2 , high-resolution respirometry of brain mitochondria was performed. Upper traces in (B) display oxygen concentration in suspensions of mitochondria oxidizing 5 mM malate and glutamate exposed to indicated doses of calcium (µmol/mg mitochondria) or 10 µg/ml alamethicin. Lower traces illustrate respiration rate of mitochondria in the same experiments. Respiration rates were averaged over the indicated time spans and mean rates are depicted in (C), filled bars. * indicates significant difference compared to control and # indicates significant difference between calcium doses. 
Figure 6
Loss of antioxidant scavenging function and accumulation of H 2 O 2 in brain mitochondrial suspensions following mPT induced by bolus load or continuous infusion of calcium. (A) Mitochondria oxidizing 5 mM malate and glutamate in KCl buffer were exposed to 8.0 µmol Ca 2+ /mg (trace 1 and 3) or vehicle (H 2 O, trace 2 and 4) followed by ~1 µM antimycin (all traces) to enhance ROS generation. In order to assay the balance between mitochondrial H 2 O 2 generation and removal, and whether there is a net accumulation of H 2 O 2 in the mitochondrial suspensions independent of the scavenging by the detection system, HRP and Amplex Red were either administered at start (trace 1 and 2) or 7 min after calcium or vehicle (trace 3 and 4). In the latter experiments, suspensions of mitochondria which were exposed to a calcium bolus load demonstrated a rapid increase in resorufin fluorescence when the H 2 O 2 reagents were added (trace 3) closely approaching the trace where the reagents were present from start (trace 1). In contrast, mitochondria not exposed to calcium started at a near zero level regardless of when HRP and Amplex Red were added (trace 2 and 4). (B) Experiments with delayed administration of HRP and Amplex Red were also performed in brain mitochondria exposed to a continuous infusion of calcium. Traces on the left side of the graph demonstrate changes in Fura 6F fluorescence ratio reflecting extramitochondrial [Ca 2+ ]. Mitochondria were infused with 0.2 µmol Ca 2+ /min/mg mitochondria, and the plateau level reflects a steady state where the infusion rate equals mitochondrial calcium uptake. Experiments were run in presence of 1 µg/ml oligomycin and either 200 µM ADP (trace 5) or 1 mM ADP and 1 µM CsA (trace 6). The rapid increase in fluorescence of trace 5 represents calcium deregulation of mitochondria with release of retained calcium. Following calcium infusion, experiments were continued by assaying H 2 O 2 generation. HRP and Amplex Red were added 6 min following antimycin administration, and mitochondria which had undergone a calcium deregulation demonstrated an immediately elevated level of resorufin fluorescence when the H 2 O 2 reagents were added whereas mitochondria which had retained all calcium did not. Data is presented as a bivariate scattergram with regression analysis and 95% confidence intervals of mean. The identity of the analogs is listed in Table 1 . 
